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A. D. Rollett, G. R. Cenova** and U. F. Kocka

Center for Hateriala Science
Los Alamos National Laboratory
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Abstract

An application of texture simulation to the formability of rolled
f.c.c. sheet ia described. Control of the naring behavior of ouch eheet IS
crucial to the efficieht utilization of material. Cold-rolled f.c.c. metils
characteristically give aara at 45° to the rolling direction but it is known
that if ● large cube component IS present before the material is rolled, the
eeverity of the earing im reduced. The cube component, (010)[001], by
itself 10 known to give ●ars at 90° to the rolling direction and could thus
balance a 45° earing tendency. The cube component is unstable to rolling
deformation, however, and is genernlly not observed in heavily cold-rolled
foc.c. metals. Therefore, the challenge is to ●xplain how a large cube cow
ponent, present prior to rolling, can affect the earing behavior at large
rolling reductions. Texture simulation shows that oriantatione near cube
tend to rotate primarily about the rolling direction towards the Goss orien-
tation, (110)[001]. It haa been established both ●xperimentally and theo-
retically that all orientations between the cube and the GOBS positions give
90’ ears. Therefore, the ●ffect of ● prior cube component is due to the
special behavior of orientations near cube under rolling deformation,

Introduction

Thit paper reports the resulto of the uoe of a relaxed constraints
Taylor model for texture simulation, ●pplied to the problem of ●aring
behavior of rolled f.c.c. metalo. The focuJ of this work was on the effect
of the cube component on ●aring aft~r cold-rolling tince this texture com-
ponent hea important conaequencea for in-plane anisotropy. As has been fre-
quently reported, cold rolled f.c.c. metals give rise to 45” ●arm, aee ●.g.
Hirsch ●t al, (l). Annealed f.c.c. metals ●nd their ●lloyt commonly have
large components of tha cube texture, (010)[001], whose origin io still a
matter of controversy. The cube component gives rise to aars ●t O“ ●nd 90°
to the rolling direction, ●s was shown by Tucker~s ●xperiments ●nd calcula-
tions on single crystals (2). There is ● negative correlation batween the
severity of 45° ●sring ●nd the ●mount of cube component present before
rolling ● s diocusoed by Kitao ●t ●l, (3). Fig, 1 shows this correlation for
the ●luminum ●lloy 3004 reported by Doherty ●t ●l. (4) where the ●mount of
cube component hae been quantified by the severity of 90°earing. The ver-
tical ●xis la the severity of 4S” ●aring ●fter ● 90% cold reduction in
rolling. The practical significance of theme data 1s considerable as larga



volumes of this alloy are used in the as-rolled condition in the beverage
can industry.

The cube component is not a stable cr{,entation under rolling, however,
and has usually disappeared from the texture nfter strains of 50% or less.
This has been confirmed both theoretically by Dlllamore and Katch (5) and
experimentally with single crystal experiments by Kohlhoff ●t al. (6).
Hansen and Jensen (7) measured texture component strengths for rolled com-

mercial purity aluminum and the results, Fig. 2, show how rapid~y the cube
component is lost during rolling. Therefore the puzzle IS to explain how
the cube component can affect earing even after it is no longer present in
the texture. The res~lts of the calculations presented below euggest that
it ie the fact that the cube component first rotates towards the Goss
position which, however, maintains ita effect of giving 90° ears.

Fig. 1. The relationship batween ●aring (90° cars) in annealc ~i 3004
alloy and earing (45° ears) aftbr a subsequent 90% cold reduc:,,’ c ‘,,
rolling, from Doherty ●t al. (4).
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Fig, 2. Tha volum~ concentration of stabla rolling orfgntntions
(circlas), the GOD.Scomponant (triangles) ●nd th culm component
(squar@s) ● s a function of rolling strain, from Hansan ●nd J@nson (7).
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The exparimen~l obs~mtation of ●arlng is that tho wall height of a
drawn cup varias sc a function of position on the ptriphary of the cup, For
rollad shmt, the rof~ranco direction for such in-plane anieotropy of the



material is chosen to be the rolling direction and the earing pattern is
symmetric about this line. It has been noted by several authors that the
eeverity of earing correlates well with AR, see e.g. Fukui and Kudo (S),
where R iB the Lankford coefficient and

The
RO,
the

AR- (RO+ R90)/2 - R45

coefficients at 0°, 45° and 90° to
R45, and Rgo, respectively. There
texture of a rolled sheet has been

(!)

the rolling direction are denoted by
have been several studies m which
determined experimentally, the earing

behavior predicted from that texture aud a comparison made with the experi-
mental earing behavior, ●.g. Kanetake ●t al. (9). tiany assumptions are
required for such prediction, however, and it la difficult to obtain quanti-
tative n;reernent without using adjustable parameters in the model. This
paper ie concerned with the balance between 45” and 90° earing, however, for
which it IS efficient to simulate the variation of R in the rolling plane.
Whereas eeveral authors hive used experimental textures to prediet R values,
this work relies entirely on simulated textures.

The reason for the correlation between AR and earing behavior is due to
the fact t}.. the material at the edge of a drawn cup is effc:tively under-
going a frek .or.presaion test. This point can be appreciated by reference
to a diagram of a partially drawn cup, Fig. 3.

Fig. 3. Diagram of the
cup.

stresm stato at the Qdso of ● partially drawn

blank is the hoopnon-zaro ●t the •dg~ of tha
●nd tha through-thickn~ss strmmas must be
boundary conditions of t!!e surf.ce of the thin

#h@@t. At the ba~inning of tha drawing proc~sa, whan no ●ars heva yet
dav~lopad, thor~ ● r~ ●lBo no sh~ar strassco in tfv ~)mat. on tm other
hand, tha only rostrictione on tha strains ● rt (1) that the hoop strain is
prascribad ●nd (ii) that tha orthotropic: symmot~ of rolling pr~cludaa tho
dovalopment of chaar strains that involv~ tho thickness direction. Thora-
fora ●ach ●lamant of matarial on th ●dge of the blank can be thought of ●n
undergoing ● unfaxial comprmmnfon tast, which is the invorsa of a t~nsilo
tast, A high R valua mans that th~ matarial is resistant to thinning in
tension or, in compassion, that it is r~sistant to thfckanlng, Tht more ●n
alomant of matarfal thfckms, howavar, tha narrowor it can bacomc in tho
hoop diraction ●nd tho furthmr it can bc drawn in, Thsrafors the
correlation betwtgn R valu~ and rearing io that ● low R value iraplias ●asy
thfck~ning ~nd largo drawn-in, forming a trough wl~uraae ● high R vmlua



implies litLZ~ thickening and a high spot or ear. An Important subtlety of
this correlation is that the R value meaaured for a given direction in the
rolled sheet gives information about the earing behavior at 90° to that
direction.

Computer Simulation of Textures and Plastic AnIsotropy

The results reported in this paper are obtained by use of a computer
code (10,11,12) that is a general purpose texture simulation tool based on
the Taylor model of polycrystal plasticity (13). The Taylor assumption that
the atrain applied to each grain 18 ●xactly that applied to the macroscopic
polycrystal has been modified to model the ●ffect of Relaxed Constraints, as
introduced by Honneff and tlecking (14,15). The code has been successfully
applied, for example, to the simulation of torsion textures by Canova
et al. (16). The code calculates the behavior of a set of a few hundred
grains and uses the method of Blehop and Hill (17) to locate the point on
the single crystil yield surface that will permit each grain to satisfy the
imposed strain, see Kocka and Canova (18). In this manner, the flow stress
of the polycryetal can be calculated in terms of the critical resolved shear
stress for slip on a single slip system, as an average over the grains com-
prising the polycrystal. This flow stress IS the Taylor factor, which is a
function of the texture ●nd of the strain path imposed. At large strains,
the aspect ratio of the grain ohape for any deformation path differs widely
from unity. The consequence fur rolling is that the normal-rolling and the
normal-transverse shear straino can be non-zero without leading to serious
compatibili~ problems. Relaxed Constraints aa applied to rolling means
that two of the strain component boundary conditions are relaxed. Instead,
two stress boundary conditions are substituted for the strain boundary con- ,
ditiona, the consequences of which were explored by Kocks and his co-workers
(19,20). For example, the number of slip cystema required to satisfy only
three strain boundary conditions IS only three instead of the minimum of
five required by Full Constraints. The method by which the grain shape
aapect ratios are alculated and then usad to determine the volume fraction
of graino that 10 permitted to deform in relaxed constraints wae reported by
Tome ●t al. (10).

Tha code has also been used to darive yield surfaces from simulated
texcuras by applying suitable sets of strain incramenta, constant, in magni-
tude but varying in direction, to the aggregate of grains that represents
the polycryctal. For each #train diraction, an average Taylor factor la
calculated, from which a ungent plane to the yield surface can be con-
structed whose normal is the strain direction and whose dirntence from the
origin ia th~ Taylor factor. Tha method io discussed in detail by Canova
●t ●l. (21) togothar with the symmetry properties of various wpao of defo~
mation taxtureo ●nd their ●rnsociatod yield surfaces. Appropriate sections
of the yield surface can be usad to derivo the Lankford coefficient, as dis-
cussed by the previous authorm, by inspection of tha strain compon~ntc of
the normal to the yield surface at the points corraaponding to tensile tests
in the rolling plane.

Calculation- of R-Values

It it not necoasary, howevor, to calculate complate yield surfaces in
order to predict the R valuo for ● givan tensllo test direction, Instead,
this work madn usc of a feature of th~ code that changas the strain diree
tion until certain imposed strass boundary conditions aro oati~fiad. In the
cam of the tonsil~ temt, this means that, ●fter tha grain orientations have
bean rotatod to th~ direction of interest, ●n initial tencila tent simula-
tion is meda with R = 1. If the rasulting stress does not correspond to
that of ● t-nsilc te-t, that 1s to may with the only non-zaro atroas



component being that parallel to the tension direction, the etrain direction
is altered. The method employed is to calculate both the mean value of each
otrsss component and Its root-mean-square as a measure of its spread. Then
if the boundary value of that stress component differs from the calculated
mean value by ❑ ore than a preset fraction of the spread, the corresponding
strain component ie changed in the appropriate direction, Fig. 4.
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Fig. 4. Diagram of the method used to determine whether to correct the
strain direction in order to aatiafy a stress boundary condition. If

the difference between the mean value of the stress component and the
boundary value is greater than the spread in the stress component, a
correction la made to the direction of the strain increment impoeed on
the polycryatal.

After the strain direction has been corrected, the tensile teat simula-
tion is re-run. Once a strain direction has been found that oatiafies the
atrees boundary conditions, the R-valua la calculated in the usual way as
the ratio of the width strain increment to the thickness etrain increment.

Simulated Rolling r-xwre

The texture rspreeentation uaa~ here to plot the thrat Euler angles IS
that proposed bj Uenk ●nd Kocke (22). One of the ●dvantage of this polar
coordinate raprceentation ia that certain highly symmetric orientations,
such as the cube, ● re rapr~eanted aa points rathar than se linas as in the
conventional Carteeian representation. The convmtion for Euler ●nglee ueed
haro is that of Canova (16) whare (u,e,o) ara the equivalent of (-@I,-@,-@Z)
in the Bunge notation.

Fig. 5 shows the Crystallite@ Orientation Distribution COD, for &
eimulated 800 grain polyctyatal aftar a ●train in rolling of 2.5. The
initial texture warn random and the choice of strain level wan based en the
dau shown in Fig. 1.

The ●imulated rolling t~sxtura ohows that th~ grain orientations have
become concentrated along a ifbro. The ●xact position of tho fibre varies
●ccording to wh~tlmr th~ rolling deformation wae oimulatd undar Full
Conotraintc or Ralaxad Constralnls. Fig. 6 lo ● diagram of this fibre,
together wiLh the position of various ideal orientations ouch ●s the “S,”
tha GOB.S ●nd tho “coppar” positions. At the larga ●traine diecuaaad here,
moat of the graim of the simulat,d polycrymtal are deforming in Relaxed
Conttrainto,



m.

IIw!.

P&W

Fig. 5. COD of a simulated rolling texture at a von Misee equivalent
etrain of 2.5.
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Fig. 6. Diagram of the ideal fibres of rolling orientations with
positions of the S, Goss and Cu texture components.

o ,,/?,
,/’ ,.

44
,,,,’

4

,/’
$!8 - ,,”

.?’a
f“ ,,,

#a - .,’ ,,,
,,” ,,

n ,,
, .,,

,,,
I .0 ‘)

,/’

1

0!s , , ,

● IO IO S40MW Tows
●nclo frorTI rolllng dlmtion (dctrmo)

Fig. 7. Plot of R-value versus anglt from tha rolling diraction for a
simulated rolling taxtur~, von ?IISO- ●quivalant strafn=3.5, continuous
lina, ExparimcnMl points from Hirsch @t ●l, (1), trianglaa and dashed
lina,



The simulated texture shown in Fig. 5 was taken to a von Miaes
equivalent strain of 3.5 and the R-values calculated from this texture are
plotted in Fig. 7. For comparison, the experimental values determined by
Hirsch et al. are also plotted (1), which were for copper rolled to a
von Niaes equivalent strain of 3.5. The simulated R-values are a good match
to the experimental values. It should be noted, however, that if Relaxed
Constraints are not taken into account and the simulated tension test is
done under Full Constraints, the R-value at 45° 18 much higher.

The Cube Component

The cube component can be modeled by generating a Gaussian spread about
the cube position, (010)[001], a technique which hss been successfully
applied to the modelling of experimental textures by, e.g., Hirsch and Lucke
(23). For the 50 grafns whose (111) pole figure is displayed in Fig. 8, a
Gaussian spread about the cube texture was generated on the computer by
taking values at random of w from ‘m to ‘n, @ from ‘n to ‘m and sine(~) frtm
o tel. Then the absolute value of the angle between the reference X axis
and the new X axis (crystal X axis) was compared to a random number with a
Gaussiaq distribution, zero mean and a standard deviation of 5 degrees. If
the angle is smaller than the Gaussian random number, the set of Euler
angles is accepted. Choosing sine(@ randomly rather than theta ensures
that uniform coverage of orientation space IB obtained.

can-m

2

‘\ ~Y’”
Fig. 8. (1OO) pole figure of 50 grains compriainga simulated cube
component with a 5“ aprsad about (010)[001].

Fig. 9. COD of the textu?e of the cube component polyc~oul. after a
von Mlses equivalent otrain of 2.5 in rolling, ●quivalent to a
reduction in thicimees of 8!?%.



This polycrystal was then subjected to the same strain as L“e previous
system, producing the texture displayed in Fig. 9. In contrast to the
texture obtained from an initially random polycrystal, the texture obtained
from the cube component is a fibre texture based on rotations about the
rolling direction. Thi& result is in agreement with the theoretical work by
Dillamore and Katoh (5) who ehowed that the cube component tends to route
about L?e rolling direction towards the Goss position. They also showed
that orientations related to the cube by a rotation about the normal direc-
tion would rolxite towards the cube position, showing that it is possible for
cube oriented material to be generated by rolling from cube-related orienta-
tions. The topic of orientation changes in the vicinity of the cube com-
ponent was discussed in detail by Rollett (24) who verified the Dlllamore
and Katoh results for Full Constraints but found that Relaxed Constraints
tended, among other effects, to destabilize the cube collection mechanism
mentioned abova. Experimental support for this theoretical work was report-
ed by Kohlhoff et al. (6) who rolled cube-oriented eingle crystals of
copper. They found that up to 50% reduction, the material developed the
rolling direction fibre simulated in Fig. 9. Above this strain, the
reorientation was more complex and at high strains, most of materials was
close to the S orientation, (123)[6341. Tucker (2) showed that all orienta-
tions on the fibre between (010)[001] and (110)[001] give rise to 90° ears.
Therefore the textura ehown in Fig. 9 should also give rise to 90° ears.
The variation of R-value with angle calculated from this texture has the
anticipated minimum at 45°, corresponding to a trough in the earing pattern,
Fig. 10.
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Fig. 10. Variation of R value with angle in the rolling plane for the
cube component after a von l’lieea eq~ivelent strain of 2.5.

Combined Texturea

The effect of edding the cube component to the random component and
rolling the combined polycryatal 10 eeaily modeled by edding the one set of
graine to the other. Fig, 11 shows the variation of R-value with angle in
the rolling plane and with volume fraction of the cube component, As
expected, the addition of the grains derived from the cube component reduces
the predicted meverity of the 45” ears due to the 90° earing tendency of the
added material. It may be oboervad that for these simulated textures, the
iniCLal volume fraction of cube componant ❑ust be as high as 20% for a com-
pletely balanced textur~. This would appear to be a reasonable conclusion
An the light of the experimental deta shown in Fig. 1 where the 45” earing
at 90% cold reduction is not eliminated even for the highest initial cube
content.
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Fig. 11. Variation of R-value with angle in the rolling plane and
volume fraction of material that was initially cube oriented. The
simulated textures were at a von liiBes equivalent strain of 2.5.

with

Concluaiun

The conclusion from the work presented here is that a high volume
fraction of the cube component reduces the 45” earing of cold-rolled f.c.c.
❑etals because of tie tendency of the cube component to reorient along a
fibre baaed on rotet’.on abou: the rolling direction. This fibre of
orientetiona gives rime to 90” ears which balance the normal 45° ears found ‘
experimentally and predicted by the simulations. For the simulated rolling
textures reported, a large initial volume fraction of the cube component IS

required to completely balance 90° against 45° ears.
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